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During a 2-to 3-yr Mars mission, the total radiation dose that astronauts may receive could reach 3.0 gray (Gy) (12, 35, 43, 45) . The radiation quality is likely to include a variety of high-energy and high-charge ions particles Ͼ100 MeV/nucleon with high-linear energy transfer (LET). These particles are densely ionizing and deposit Ͼ50% of their energy along their linear tracks (31) . Iron ions ( 56 Fe 26ϩ ) have received much attention, because they are the most densely ionizing particles present in relatively large amounts in galactic cosmic rays. Furthermore, it has been estimated that 3% of the cells within one individual will be traversed on average by one iron ion during a 3-yr mission (7) . Although protons account for approximately 85-90% of deep space radiation, high-LET particles (which represent only ϳ1% of space radiation) may have substantially greater biological effects (12, 43) . Reports from more than three decades ago indicate that radiations with high LET tend to produce exponential cell inactivation curves (2, 48) . More recently, it has been demonstrated that 56 Fe and other forms of high-LET radiation are more effective than low-LET photons (i.e., ␥-rays) in depressing enzymatic repair mechanisms, decreasing variations in cell radiosensitivity, minimizing protective effects of neighboring cells in organized tissues, increasing chromosomal aberrations, and inducing neoplastic transformation of cells (1, 19, 32, 47, 50, 53, 54) .
Recent ground-based studies, utilizing total doses within the range expected during extended space residence, have shown that ionizing radiation can profoundly influence many aspects of the immune system (17, 18, 21, 24, 26, 34, 44) . However, the great majority of these studies have been performed with ␥-rays or X-rays, forms of radiation generally most available for research. Data regarding changes in immune system structure and function after total-body exposure to high-LET radiation are very sparse. In previous studies, we have reported on the acute effects of total-body irradiation with ␥-rays ( 60 Co) and protons in the C57BL/6 mouse strain (14, 15, 27-29, 36, 38) . The present study expands these investigations of lymphoid organs and bone marrow-derived cells to high-LET radiation in the same animal model.
METHODS
Animals and whole body irradiation. Female C57BL/6 mice (n ϭ 136) were purchased from Charles River Breeding Laboratories, Wilmington, MA, at 8-9 wk of age, shipped directly to Brookhaven National Laboratory, and acclimatized for 1 wk under standard vivarium conditions. Immediately before exposure using the Alternative Gradient Synchrotron, the mice were placed into a vertical stack of four ventilated 3 ϫ 3 ϫ 6-cm boxes composed of polystyrene (tissue equivalent, hence attenuation of the beam was minimal). The mice were not anesthetized, but movement was limited to comfortable breathing due to the relatively small box size. Two additional same size boxes, each containing a phantom (i.e., polystyrene cylinders with conical ends) were placed above and below the boxes containing the animals for support in the holder apparatus ( Fig. 1 ). Sham-irradiated controls were placed into the same size boxes for the same length of time as the animals receiving the maximum radiation dose. Lead foils were placed in the beam line to obtain a circular 7.5-cm beam during 56 Fe and 28 Si irradiation and the intensity profile was tuned to a larger elliptical area so that uniformity of the beam across mouse bodies was maximized. The delivered dose was intermittently quantified using a thermal luminescent dosimeter array placed on one of the boxes containing a phantom. A portion of the animals (n ϭ 90; 45 mice for euthanasia on day 4 and 45 mice for euthanasia on day 113) were irradiated with heavy iron ions ( 56 Fe, Z ϭ 26, 1087 MeV/nucleon at extraction and 1055 MeV/nucleon after passage through the vacuum line plus 2 meters of air, LET ϭ 148.2 keV/m at target). Total doses delivered were 0.1 Gy, 0.5 Gy, and 2.0 Gy. An additional group (n ϭ 14 mice) was irradiated with 2.0 Gy silicon ions ( 28 Si, Z ϭ 14, 1200 MeV/nucleon at extraction and 1,182 MeV/nucleon after passage through the vacuum line and 2 meters of air, LET ϭ 42.1 keV/m at target). The 56 Fe and 28 Si irradiations were performed at the entrance plateau region of the beam; each dose was delivered in a single fraction with Ϯ10% uniformity and a dose rate of ϳ1 Gy/min. The contribution of secondary particles at the center of the mouse would be similar to what has been previously described for tissue culture flasks with water (55, 56) . A maximum of four mice were irradiated per exposure. A portion of the 56 Fe-irradiated animals were weighed and euthanized at 4 days postexposure by rapid CO 2 asphyxiation at Brookhaven National Laboratory, whereas the remaining mice (14-16 mice/each dose of 56 Fe plus 14 28 Si-irradiated mice plus 17 nonirradiated controls) were shipped to Loma Linda University Medical Center and euthanized for assay on days 109-114 (hereafter referred to as day 113). After irradiation, animals were observed daily for signs of toxicity. In addition, the long-term animals underwent behavioral assessment (unpublished observations). The irradiations and subsequent immunological assessments were performed in two identical experiments at each time point and the data from each group were appropriately pooled. This study was approved by the Loma Linda University and Brookhaven National Laboratory Animal Care and Use Committees.
Body and organ masses and blood and spleen collection. Spleen and thymus masses were determined at the times of euthanasia and relative organ mass was calculated: relative organ mass ϭ [organ mass (mg)]/body mass (g). Whole blood, collected in K 2 EDTA-containing syringes by cardiac puncture at the time of euthanasia, and single-celled suspensions of spleen leukocytes were obtained as described previously (13) . The day 4 postirradiation samples were shipped in sterile screw-capped vials on wet ice by courier to Loma Linda University for analyses, which were performed well within 24 h after euthanasia. The mice were exposed to the entrance plateau region of 56 Fe and 28 Si Bragg curves within a 7.5-cm circular beam. The intensity profile was tuned to a larger elliptical area so that uniformity of the beam across mouse bodies was maximized (Ϯ10%).
Analysis of blood and spleen with hematology analyzer. Whole blood samples (12 l) were evaluated using the ABC Vet Hematology Analyzer (Heska, Waukesha, WI). White blood cell (WBC), monocyte, granulocyte, red blood cell (RBC), and thrombocyte counts, hemoglobin concentration, and hematocrit (percentage of whole blood composed of RBC) were determined. Some of these measurements were used to calculate the mean corpuscular volume (MCV; mean volume per RBC), mean corpuscular hemoglobin (MCH; mean weight of hemoglobin per RBC), mean corpuscular hemoglobin concentration (MCHC; mean concentration of hemoglobin per RBC), and mean platelet volume (MPV). Only WBC, lymphocyte, granulocyte, and monocyte counts were obtained for the spleen after RBC lysis.
Flow cytometry analysis of lymphocyte and stem cell populations. Whole blood and spleen leukocyte samples were evaluated using a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA), four-color mixtures of monoclonal antibodies (mAb) (Pharmingen, San Diego, CA), standard direct-staining techniques, and a "no lyse-no wash" procedure. The mAb were labeled with FITC, R-phycoerythrin, allophycocyanin, or peridinin chlorophyll protein and directed against CD3 ϩ mature T cells; CD4 ϩ T helper (TH) cells; CD8 ϩ T cytotoxic (TC) cells, CD19 ϩ B cells; and NK1.1 ϩ natural killer (NK) cells. Spleen samples from day 113 mice were also analyzed for stem cells (based on size and side scatter) and for cells expressing CD34 and/or Ly-6. Lymphocytes were gated on CD45 ϩ cells and side scatter. The percentages of CD3 ϩ /CD4 ϩ and CD3 ϩ /CD8 ϩ T cells were based on the total lymphocyte population rather than on the total CD3 ϩ cells, because this has given more consistent and reproducible data using the "no lyse-no wash" procedure, as specified by the commercial source of the reagents. Analysis of at least 5,000 events per tube was performed using CellQuest software version 3.1 (Becton Dickinson). The number of cells for each population was calculated as follows: no. of cells in population/ml ϭ no. of lymphocytes/ml ϫ percentage of population.
Spontaneous and mitogen-induced blastogenesis. These assays were performed as previously described (13, 29) . In quantification of basal proliferation, aliquots of whole blood and spleen leukocytes were diluted with supplemented RPMI 1640 medium (Irvine Scientific, Santa Ana, CA) and dispensed into wells of microculture plates. One Ci of [ 3 H]thymidine ([ 3 H]TdR; specific activity ϭ 46 Ci/mol; ICN Biochemicals, Costa Mesa, CA) was immediately added, and the plates were incubated for 3 h at 37°C. In addition, spleen leukocytes (2ϫ 10 5 /0.1 ml medium/well) were dispensed into microtiter plates with phytohemagglutinin (PHA), concanavalin A (ConA), lipopolysaccharide (LPS), or no mitogen (2ϫ 10 5 cells/0.2 ml total volume/well; mitogens were from Sigma, St. Louis, MO). [ 3 H]TdR (1 Ci ⅐ 50 l Ϫ1 ⅐ well Ϫ1 ) was added for the final 4 h of a 48-h incubation period. In both assays, cells were harvested and the incorporated radioactivity was quantified. Spleen cell response to the mitogens was expressed as counts/min and as a stimulation index (SI): SI ϭ (counts/min with mitogen Ϫ counts/min without mitogen)/ counts/min without mitogen.
Quantification of interleukin-2 and tumor necrosis factor-␣ in spleen cell supernatants. Before testing for interleukin-2 (IL-2) and tumor necrosis factor-␣ (TNF-␣), spleen leukocytes were incubated with PHA for 48 h as described above but without [ 3 H]TdR. Supernatants were aspirated, cells and debris were removed by centrifugation, and the levels of IL-2 and TNF-␣ were quantified using ELISA kits (Quantikine: R&D Systems, Minneapolis, MN) according to the manufacturer's instructions. The concentration of each cytokine in the test samples was interpolated from the appropriate standard curve.
Statistical analysis. Means and SE were obtained using one-way ANOVA, which also gave a P value for difference among groups. Tukey's pairwise multiple comparison test was used to determine significant difference among each set of two groups. The P values obtained with one-way ANOVA are presented in the text, whereas those with Tukey's test are shown in the tables and figures. Each irradiated group euthanized on days 4 and 113 was compared with the respective 0 Gy control group euthanized at the same time point. Correlation among each of the measurements and radiation dose was determined using linear regression analysis; formulae and r 2 values are presented only for the measurements with r 2 Ͼ 0.5. These analyses were performed using SigmaStat software, version 2.03 (SPSS, Chicago, IL) and a P value of Ͻ0.05 was selected to indicate significance.
RESULTS
Body and lymphoid organ mass. Total body masses were similar among groups at both times of euthanasia. Means on day 4 ranged from 19.2 Ϯ 0.3 g (0.5 Gy) to 20.1 Ϯ 0.2 g (0.1 Gy), whereas the day 113 values ranged from 23.7 Ϯ 0.3 g (0.1 Gy) to 24.64 Ϯ 0.4 g (2.0 Gy 28 Si). However, on day 4, significant dose-dependent decreases in mass were noted for both the spleen and thymus ( Fig. 2 , P Ͻ 0.005). In post hoc analysis, only 2.0 Gy caused a significant decrease in spleen mass compared with 0 Gy and 0.1 Gy. Thymus mass after 2.0 Gy exposure was significantly decreased compared with all other groups, and the 0.5 Gy group had lower mass than the 0.1 Gy group. By day 113 (Fig. 2) , organ mass differences were no longer apparent.
Total leukocytes and major leukocyte populations. The data in Table 1 (blood) and Table 2 (spleen) show that on day 4 highly significant radiation dose-dependent decreases existed in total WBC counts in both body compartments (P Ͻ 0.001). Tukey analysis of blood data indicated that 2.0 Gy caused a significant decrease in WBC and in all three major leukocyte populations compared with all other groups. With 0.5 Gy, a significant reduction was found only for WBC and lymphocyte numbers, whereas with 0.1 Gy only the lymphocytes were low. In the spleen (Table 2) , a radiation dose effect was noted on day 4 for WBC counts, number of lymphocytes, and granulocytes (P Ͻ 0.001) as well as percentages of granulocytes (P Ͻ 0.05). Pairwise comparisons showed highly significant reductions with 2 Gy in WBC, lymphocyte, and granulocyte numbers. Percentages of each cell population reflected the drop in each respective cell type as well as the degree of change in other cell types. In blood, lymphocyte percents were significantly decreased (0.5 Gy and 2.0 Gy groups), whereas percentages of granulocytes (2.0 Gy) and monocytes (0.5 Gy and 2.0 Gy groups) were increased. In spleen, granulocyte percents (2.0 Gy) were increased, but no other proportional changes reached statistical significance.
By day 113, there were significant radiation dosedependent reductions in monocyte-macrophage percentages in both blood (P Ͻ 0.001) and spleen (P Ͻ 0.05) (Tables 1 and 2, respectively), whereas a dose-dependent increase in lymphocyte numbers was present only in blood (P Ͻ 0.05). Post hoc analysis revealed that 2.0 Gy 56 Fe and 2.0 Gy 28 Si irradiation resulted in significantly lower monocyte percentages in blood compared with 0 Gy and 0.1 Gy 56 Fe; this occurred also in the spleen, but only in the group given 2.0 Gy 28 Si. Lymphocyte numbers were increased with 2.0 Gy 56 Fe compared with the 0 Gy group.
Lymphocyte populations. The data for CD3 ϩ T and CD19 ϩ B cells in blood and spleen are shown in Fig. 3 . On day 4, the CD3 ϩ T cell counts were significantly dependent on radiation dose in both body compartments (P Ͻ 0.001). Post hoc analysis showed that the 2.0 Gy group had significantly lower values than all other groups. Similarly, CD19 ϩ B-cell counts decreased with dose in both compartments (P Ͻ 0.001) and the reduction in blood with 2.0 Gy was significant compared with all other groups; the 0.5 Gy dose caused a decrease compared with 0 Gy and 0.1 Gy. Splenic B cell numbers were lower in the 2.0 Gy group than in all other groups. With respect to proportional changes on day 4, a dose-dependent increase in CD3 ϩ T cell percents occurred in blood (P Ͻ 0.001), but not spleen. In contrast, CD19 ϩ B cell percents decreased with in-creasing dose in both body compartments (P Ͻ 0.001). This dose response in the proportions of both T and B cells was linear (r 2 Ͼ 0.7).
On day 113, there was a dose-dependent effect on CD3 ϩ T cell percentages in the blood (P Ͻ 0.05), but not spleen, with the 2.0 Gy 56 Fe group having lower values than the 0 Gy and 0.5 Gy groups (Fig. 3) . The numbers and percentages of CD19 ϩ B lymphocytes were enhanced in a dose-dependent manner only in blood (P Ͻ 0.05). Further analysis showed that after irradiating with 2.0 Gy 56 Fe, the circulating B cell counts and percents were elevated compared with 0 Gy. Figure 4 shows the effect of radiation dose on CD3 ϩ / CD4 ϩ T H and CD3 ϩ /CD8 ϩ T C populations. On day 4, T H cell numbers in blood decreased with increasing dose (P Ͻ 0.001), and animals exposed to 2.0 Gy had significantly lower counts than all other groups. Although there were also dose-dependent decreases in the splenic T H population (P Ͻ 0.001), only the 2.0 Gy group had a lower mean than the 0 Gy and 0.5 Gy groups. T C cell counts in blood decreased significantly (P Ͻ 0.001), and those for the 2.0 Gy group were lower than all other groups. There was a similar dose-dependent decrease in splenic T C cell counts (P Ͻ 0.001), but post hoc analysis showed fewer differences among groups than in blood. Mean values for CD4-to-CD8 cell ratios obtained for the 0, 0.1, 0.5, and 2.0 Gy groups, respectively, were as follows: 2.1 Ϯ 0.1, 1.9 Ϯ 0.03, 1.8 Ϯ 0.1, and 2.4 Ϯ 0.04 (blood) and 1.5 Ϯ 0.1, 1.6 Ϯ 0.1, 1.6 Ϯ 0.1, and 1.9 Ϯ 0.04 (spleen). The ratios were significantly dependent on dose in both blood and spleen (P Ͻ 0.001); post hoc analysis showed that animals receiving 2.0 Gy had significantly higher values compared with all other groups in both body compartments. However, in blood, only the 0.5 Gy dose caused significantly higher ratios compared with 0 Gy and 0.1 Gy exposures. Significant proportional changes were also observed in both T cell subsets on day 4 (Fig. ). The dose-dependent increases in T H cell percents were significant in blood and spleen (P Ͻ 0.001), although the increase was linear only in blood (r 2 Ͼ 0.7). Dose dependency for T C cell percents was seen only in blood (P Ͻ 0.001).
By day 113 (Fig. 4) , a dose-dependent decrease in T H cell percents was found in both blood (P Ͻ0.001) and spleen (P Ͻ 0.005). In blood, the T H cell proportion after 2.0 Gy 56 Fe was lower than after 0 Gy, 0.1 Gy, and 0.5 Gy; spleens from these mice had lower T H cell percents than the 0.1 Gy group. A dose-dependent effect was noted in the CD4-to-CD8 cell ratio only in the spleen (P Ͻ 0.01), with the 2.0 Gy 56 Fe-irradiated mice having higher values than those exposed to 0.1 Gy. Means for the ratios in the 0, 0.1, 0.5, 2 Gy 56 Fe and 2 Gy 28 Si groups, respectively, were 1.5 Ϯ 0.1, 1.5 Ϯ 0.1, 1.5 Ϯ 0.1, 1.6 Ϯ 0.04, and 1.6 Ϯ 0.1 (blood) and 1.7 Ϯ 0.1, 1.6 Ϯ 0.03, 1.6 Ϯ 0.1, 1.8 Ϯ 0.1, and 1.8 Ϯ 0.04 (spleen). Data in Fig. 5 show that on day 4 there were no radiation dose-dependent changes in NK1.1 ϩ NK cell numbers in either body compartment. However, the percentages of these cells in both blood and spleen were dependent on dose (P Ͻ 0.001); linearity was evident only in blood (r 2 Ͼ 0.8). By day 113 (Fig. 5 ), NK cell numbers and percentages in the blood decreased in a dose-dependent manner (P Ͻ 0.001 for both measurements). Mice irradiated with 2.0 Gy 28 Si had significantly lower NK cell numbers compared with 0.1 56 Fe and lower percents compared with the 0 Gy and 0.1 Gy 56 Fe groups. Stem cell populations in the spleen. Flow cytometry analysis of splenocytes for stem cell populations was performed only on day 113. The results showed, as expected, very low numbers of these cells based on size and side scatter and presence of specific surface markers. Although there were no detectable cells expressing the CD34 marker without simultaneous expression of Ly-6, means (ϫ 10 4 /ml) for CD34 ϩ /Ly6 ϩ cells ranged from 0.31 Ϯ 0.04 (2.0 Gy 28 Si) to 0.48 Ϯ 0.07 (0 Gy). Means for Ly-6 ϩ cells ranged from 13.4 Ϯ 0.9 (2 Gy 28 Si) to 14.9 Ϯ 0.8 (0 Gy). There were no statistically significant differences among groups.
Spontaneous and mitogen-induced blastogenesis. The results showed that basal incorporation of [ 3 H]-TdR was radiation dose-dependent on day 4 in both blood (P Ͻ 0.001) and spleen (P Ͻ 0.05) (Fig. 6 ). Paired comparisons of blood data showed that the 2.0 Gy group had significantly greater [ 3 H]TdR uptake compared with all other groups. In the spleen, this same group had higher values than the 0 Gy controls. On day 113, spontaneous blastogenesis in the spleen was radiation dose dependent (P Ͻ 0.05); further analysis revealed that 2.0 Gy 28 Si-irradiated mice had lower counts/min values than those irradiated with 0.5 Gy 56 Fe.
Splenocyte response to PHA stimulation (Table 3) was affected by dose on day 4 (P Ͻ 0.01) and post hoc comparisons showed that the 2.0 Gy 28 Si group had lower counts/min values than the nonirradiated controls. By day 113, the response to PHA and LPS was significantly dose dependent (P Ͻ 0.05 and P Ͻ 0.01, respectively). Further analysis showed that the 2.0 Gy 28 Si group had higher counts/min values than the 0.5 Gy 56 Fe group for PHA and higher values for LPS compared with the 0.5 Gy 56 Fe and 2.0 Gy 56 Fe groups. There were no significant effects on SI values based on ANOVA or Tukey analysis (data not shown).
Cytokine production. The concentrations of IL-2 and TNF-␣ in supernatants of splenocytes stimulated with PHA are shown in Table 3 . There was no radiation dose dependence on day 4 for either cytokine and post hoc analysis revealed no significant differences among groups. On day 113, although the lowest level of IL-2 was produced by spleen cells from the 2.0 Gy 28 Siirradiated group, no statistical significance was obtained for any of the comparisons for either cytokine.
Analysis of nonlymphoid cells in blood. The data on day 4 showed a highly significant radiation dose effect (P Ͻ 0.001) for RBC counts, hemoglobin, and hematocrit (Fig. 7) ; a less pronounced dose effect was noted in MPV (P Ͻ 0.05). Pairwise comparisons indicated that the group receiving 2.0 Gy had lower RBC numbers than all other groups and that hemoglobin, hematocrit, and MPV were depressed compared with means obtained for the 0 Gy group. No significant differences were found for thrombocyte numbers or any of the other measurements. The ranges of means for data obtained on day 4 not shown are presented here: platelets (ϫ 10 6 /ml), 792 Ϯ 21 (0 Gy) to 837 Ϯ 34 (0. 
DISCUSSION
In the present study, the day 4 postexposure time was selected as the early time point of measurement, because it was close to the nadir in the types of immune parameters analyzed in our previous studies with low-LET radiation. The 113-day time point was selected, because immune reconstitution should be completed by then and any differences noted among groups would reflect long-term modification in immune system status. The effect of stress due to behavioral assessments in the long-term animals was minimized by allowing a 2-wk or greater interval before euthanasia on day 113. In addition, because nonirradiated control mice were subjected to the same behavioral assessments as the irradiated animals, any differences between the control and test groups in immunological status can be attributed to the effects of radiation exposure. Ideally, however, stress-induced changes due to behavioral testing should be controlled for by inclusion of a group that had not been subjected to these measurements.
Four days postirradiation with 56 Fe. Results show that total body mass was similar among the irradiated and nonirradiated groups. However, both the thymus (0.5 Gy and 2.0 Gy) and spleen (2.0 Gy) were significantly atrophied postirradiation. There are a number of factors that play a role in radiation-induced decline in mass, including cell death, changes in lymphocyte trafficking, and dehydration. Because there were no significant differences in body mass, dehydration is not likely to be a factor here. The greater dependence of thymus mass on dose, compared with the spleen, was somewhat surprising. In our past studies with ␥-rays and protons (both are low LET), the spleen was more linearly dependent on dose than the thymus (14, 38) . This suggests that the response of different lymphoid organs may be somewhat dependent on radiation qual- Values are mean Ϯ SE. a DNA synthesis in response to mitogens was quantified after 48-h incubation with mitogen and a pulse label with ity. Recent immunohistochemical studies of mouse mammary glands and skin have demonstrated that the extent of microenvironment remodeling is affected by the form of radiation and that the effects of ␥-rays differ from those of 56 Fe (6, 10) . Although there is little in the literature regarding the effects of iron ions on the thymus and spleen, studies (11, 16, 22) utilizing other forms of high-LET radiation, such as neutrons and fast carbon ions, have reported profound morphological and cellular changes after exposure. Additionally, although repair processes are clearly evident in lymphoid tissues within a week after exposure (22, 23) , abnormal function can continue for a long time thereafter (42) .
Splenic and blood leukocyte counts were highly dependent on 56 Fe radiation dose. Analysis showed that all three major leukocyte populations were significantly depleted in the blood from mice in the 2.0 Gy group. In the spleen, however, the 2.0 Gy dose reduced lymphocyte and granulocyte, but not monocyte-macrophage, numbers. The progressive increase in the percentages of monocyte/macrophages in blood and spleen with increasing radiation dose, despite no significant differences in absolute numbers among the groups, reflects the relatively greater radiosusceptibility (and thus greater depletion) of other leukocyte populations. In addition, differences in radiosensitivity have been previously noted with the same cell type in different body locations. In the case of monocyte-macrophages exposed to X-rays, those residing in the bone marrow, lymph nodes, and peritoneal cavity are fairly radioresistant (30, 33) , whereas those in lung alveoli are radiosensitive (40) . Interestingly, the radiationdependent decrease in blood monocyte percents found here differs from our previous observation that proton irradiation up to 3 Gy does not significantly affect the proportion of blood monocytes (14) . In contrast to monocytes, 2 Gy caused a significant decrease in granulocytes in the both the blood and spleen. Studies with mice exposed to ␥-rays show that neutropenia occurs at 5-6 days postirradiation (20) . In our previous study with protons, only a slight trend for a decrease in this population was noted in the blood on day 4 postexposure to 3 Gy. These results suggest that high-LET radiation may shift the nadir of peripheral neutropenia to an earlier time point. To our knowledge, this is the first time a radiation-induced change in splenic granulocyte counts and percents have been presented after whole body exposure to high-LET radiation.
Relative radiosensitivities of the various lymphocyte populations (B Ͼ T Ͼ NK) and T cell subsets (CD8 Ͼ CD4) reported here are consistent with our previous observations as well as those of others using ␥-rays (5, 17, 38, 41) and protons (14) . This suggests that data obtained with low-LET radiation may be predictive of the effects of high-LET radiation for these types of measurements. However, compartmental differences were again noted. For example, although the CD4-to-CD8 cell ratio was significantly dose dependent in both the blood and spleen, it was significantly increased at lower doses in the blood (0.5 Gy) than in the spleen (2 Gy) . This pattern is similar to what we found with protons, i.e., the slope of the linear dose dependence was greater in the blood than in the spleen (14) . However, after exposure to ␥-radiation at similar doses, the slope of the CD4/CD8 dose dependence was greater in the spleen than in the blood (38) . Furthermore, in the present study, there were no dose-dependent changes in either body compartment for NK cell counts. In contrast, irradiation with protons caused a slight, but reliable, dose-dependent decrease in splenic NK cells (14, 27) .
Increases in basal DNA synthesis after irradiation found here are generally consistent with our previous observations with ␥-rays and protons. However, irradiation with 2.0 Gy 56 Fe significantly depressed PHAinduced proliferation; with ␥-rays, although the response to PHA and ConA (both are T cell mitogens) was similar among all groups, a significant dose-dependent decline occurred in the response to LPS (B cell mitogen) (15) . With proton radiation, significant depression was noted in the response to all three mitogens (36) . In addition, the present data show no change in IL-1␤ and TNF-␣ production by PHA-stimulated splenocytes from irradiated animals in the time course studied, whereas the study with ␥-rays showed a significant dose-dependent decrease in IL-2, but not TNF-␣, secretion (15) . The cross-linking of glycoproteins present on lymphocytes by mitogens sends a cascade of signals through the cytoplasm to the nucleus, thereby inducing DNA synthesis, cell division, and secretion of cytokines. Thus our findings suggest that radiation quality may have differential effects on certain functional properties of lymphocytes, such as signal transduction and/or the ability to synthesize surface molecules involved in mitogen binding.
The reduction in RBC counts, hemoglobin, and hematocrit observed in the present study is similar to what we have previously found with ␥-rays and protons. However, our ␥-irradiated mice also exhibited dose-dependent changes in erythrocyte volume and MCHC (15) and proton-irradiated animals also had dose-related changes in MCV (mean erythrocyte volume), RDW (RBC distribution width), and MCHC (36) . Lack of an effect on thrombocyte numbers found here is similar to our findings in the ␥-irradiated mice; interestingly, proton irradiation resulted in increasing platelet numbers with increasing dose.
It is possible that the discrepancies noted above at 4 days after 56 Fe-, proton-, and ␥-irradiation may be reflective of differences in radiation quality. However, they may also be partly due to the limited time course and different dose ranges used in these studies. The proton and ␥-ray studies examined doses ranging from 0.5 to 3 Gy, whereas the study presented here examined doses up to only 2 Gy, suggesting that there may be a threshold between 2 and 3 Gy for some of the measured parameters. There are no other studies utilizing 56 Fe irradiation, that we are aware of, with which these findings can be directly compared. The majority of reports comparing low-and high-LET radiation effects on bone marrow-derived cells have focused on cytogenetic evaluations of lymphocytes after in vitro exposure. Among the most prominent examples are the investigations of Durante, Yang, and colleagues, (8, 9, 51, 52) demonstrating that significant differences in certain aspects of DNA damage and repair do indeed exist among radiations of differing quality.
113 Days postirradiation with 56 Fe and 28 Si. The acute effects of 56 Fe seen at 4 days postirradiation were no longer evident at 113 days. However, in the blood from mice receiving 2 Gy, B lymphocyte numbers and proportions were significantly increased and the total T and CD8 ϩ T C cell proportions were low in both the blood and spleen compared with the nonirradiated control group evaluated at this same time point. These findings suggest that 56 Fe irradiation may have compromised cell-mediated or adaptive immune responses that are important in defense against viral infections and immune surveillance against neoplastic cells. On the other hand, optimal antibody production may not be compromised due to sufficient numbers of B cells and CD4 ϩ T helper (T H ) cells. However, it remains to be determined whether the functions of these latter two populations are adequate in defense and whether the balance of T H 1 versus T H 2 cytokines provided by the CD4 ϩ cells results in normal immunoregulation. It is also unclear whether the B cells present at this time point are more radioresistant, being progeny of surviving precursors, than their predecessors.
There is considerable interest in silicon beams, because they have a depth-dose profile considered to be optimal for maximizing high-LET particle effects (47) . Somewhat surprisingly, the long-term effects seen with 2.0 Gy 56 Fe irradiation on B and CD8 ϩ T C cells were not observed with 2.0 Gy 28 Si exposure in the present study. However, 28 Si irradiation resulted in somewhat increased responsiveness to PHA and LPS and lower numbers and percentages of NK cells in both the blood and spleen. The NK cells are important in the control of virus proliferation early after infection and also secrete cytokines (e.g., interferon-␥, interleukin-12, and others) that upregulate T cell responses. The low basal DNA synthesis by splenocytes after 2.0 Gy 28 Si irradiation is consistent with our finding that the mice in this group also had the lowest levels of Ly-6 ϩ and CD34 ϩ /Ly-6 ϩ stem cells. Thus it appears that exposure to 28 Si may result in chronic immune dysfunction.
␥-rays in life-shortening and tumorigenic effects (47) , and that variations exist in DNA damage and repair (8, 9, 51, 52) . The present study, which utilizes whole body irradiation with heavy particles, contributes novel information to understanding the effects of radiation on the immune system. The data demonstrate that the acute effects of high-LET radiation on lymphoid organs and bone marrow-derived cells are not always consistent with what has been demonstrated previously for low-LET radiations such as protons and ␥-rays. Therefore, results from low-LET radiation studies may not apply to high-LET radiation effects; attempts at extrapolation could lead to erroneous conclusions. In addition, differing long-term effects were noted between 56 Fe and 28 Si, both of which are high LET. Thus not only LET but also other intrinsic qualities of a particle beam may be important. Furthermore, most immunological studies to date have evaluated the effects of exposure from a single source of radiation (i.e., only protons, for example, not protons combined with heavy ions). The present findings suggest that simultaneous exposure to radiations of differing quality, as would occur during extended spaceflight, could affect a broader range of immunological parameters than what has been reported for exposure to radiation from a single source. This implies that immune dysfunction due to irradiation in space could be more profound than is currently estimated, due to an increased spectrum of effects. Efforts should be undertaken to simulate the space radiation environment to test this possibility. It should be emphasized that the data presented here are relatively limited by doses, dose rate, and time course and are derived from a single mammalian system. Many questions remain to be answered. For example, it is still to be determined whether the observed immunomodulation after irradiation results in significantly impaired immune defenses against infectious agents, which may be problematic in space and whether exposure to multiple forms of radiation results in additive or synergistic deleterious effects. Studies currently ongoing in our laboratories will begin to answer some of these questions.
